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Abstract:
Over the last few decades coral reefs have faced unprecedented declines in health due to
natural and anthropogenic sources. Until recently few studies have examined genotypic
variation of growth and thermal stress resistance in Acropora cervicornis. This study
aims to assess the potential for energy trade-offs between growth and thermal stress
resistance by following 120 coral fragments from 12 genotypes of Acropora cervicornis
over the course of 15 months to determine average growth rates for each genotype.
Following the completion of the growth observation a bleaching event occurred in the
lower Florida Keys providing the opportunity for examining thermal stress resistance. We
found that the coral genotype had a significant effect on growth and survival; however no
significant correlation was observed between growth under normal conditions and
thermal stress resistance. This result shows that there is not a trade-off between growth
and thermal stress resistance and that a genotype’s ability to resist thermal stress cannot
be predicted from growth under normal conditions. The lack of a trade-off facilitates
intraspecific competition. For genotypes with similar thermal stress tolerances but
different growth characteristics, the increase in frequency of disturbances could result in
the increased abundance of faster growing genotypes relative to the slow growing
genotypes. These results emphasize the importance of maintaining coral nurseries as gene
banks to protect the genetic diversity of the reef area in which it is located. Through
protecting a wide variety of genotypes, the likelihood of preserving those that have a high
thermal tolerance, disease resistance, or faster growth rates is increased.
Keywords: bleaching, nursery, resilience, restoration, thermal stress
1.0: Introduction:
	
  
Coral reefs are one of the most diverse and productive ecosystems on the planet
(Hoegh-Guldberg 1999). These ecosystems provide vital services to both humanity and
nature. Scleractinian corals are key reef builders. Coral skeleton calcification and
subsequent reef accretion changes the surrounding physical environment by increasing
structural complexity and providing habitat for associated organisms (Bellwood and
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Hughes 2001; Wild et al. 2011). These habitats support economically important fisheries
throughout the world, and provide sustenance as well as economic benefits for hundreds
of millions of people worldwide in the form of tourism, fishing, building materials,
coastal protection, pharmaceuticals and biochemicals (Carte 1996; Cesar and Chong
2004). Reefs are also of major socioeconomic importance, as they protect the shoreline
by absorbing 70 to 90% of wind-generated wave energy (Wild et al. 2011). The coastal
protection created by coral reefs enables the formation of associated ecosystems, for
example seagrass beds and mangroves, which are essential nursery habitats for reef fishes
(Bryant et al. 1998). The economic value of the ecosystem services provided by reefs has
been estimated to be between $100,000 and $600,000 km-2yr-1 (Wild et al. 2011). Despite
their natural and socioeconomic importance, coral reefs continue to be overexploited and
are declining worldwide.
Historically coral reefs experienced natural disturbance events such as storms,
disease, and climate change, and were able to cope with these stressors (Hoegh-Guldberg
1999). However, increased anthropogenic influence within the past two centuries in
combination with natural stressors has contributed to the decline of coral reefs globally
(Hughes et al. 2003). The direct and indirect effects of overfishing and pollution from
agriculture and coastal development have been the major drivers of reef decline leading
to widespread changes in reef ecosystems (Pandolfi et al. 2003). Human impacts have
also increased the fragmentation of coral reef habitats, which undermines their resistance
to stressors and renders them more vulnerable to future climate change (Hughes et al.
2003).
Human induced climate change results from the heightened emissions of
greenhouse gases, primarily carbon dioxide (CO2). Modern coral reef ecosystems evolved
in the early Cenozoic and have persisted through dramatic temperature shifts (Pandolfi
1999). However, recent studies show that the rate of change in global temperature
observed over the last century is two to three orders of magnitude higher than most
changes observed in the geologic record over the past 420,000 years (Hoegh-Guldberg et
al. 2007). Reefs are also threatened by ocean acidification, caused by the increased
absorption of CO2 by the world’s oceans due to elevated atmospheric CO2 concentrations
(Baskett et al. 2010). Ocean acidification decreases the aragonite saturation state, which
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reduces calcium accretion, thereby slowing coral growth rates. Additionally, coral
skeletons are weakened and become more susceptible to erosion and destruction when
storms occur (Gates and Edmunds 1999).
Scleractinian corals, the main builders of coral reefs, obtain most of their
nourishment from their symbiotic algae from the genus Symbiodinium. By
photosynthesizing within the coral, Symbiodinium can provide more than 95% of the
coral’s metabolic requirements (Hoegh-Guldberg et al. 2007). The photosynthetic
products from the symbionts, such as amino acids, sugars, complex carbohydrates, and
small peptides, are selectively leaked across the host-symbiont barrier (Trench 1979).
Under stress the coral-algal symbiosis can break down, leading to a condition known as
bleaching: corals expel their algal symbionts and lose their color (Brown 1997).
Bleaching can be triggered by a wide variety of stressors such as increased or decreased
salinity, elevated copper concentrations, exposure to cyanide, bacterial infection,
increased light levels, and changes in seawater temperature (Ward et al. 2000). The loss
of their major energy source presents a major issue for coral survival. The current leading
cause of bleaching is from thermal stress. While corals may survive and recover their
symbiont population after mild thermal stress, in the months and even years after
bleaching, they typically show reduced growth, calcification, fecundity, and may
experience greater incidences of disease (Fitt et al. 2000; Grottoli et al. 2004; Anthony et
al. 2007). In recent decades mass bleaching events have been increasing in both intensity
and frequency, which has led to unprecedented mass mortality and dire predictions about
the future persistence of reefs (Anthony 2007). Mass bleaching events result in high rates
of coral mortality and community shifts (Glynn 1993; Drollet et al. 1995; Berkelmans et
al. 2004; Wilkinson and Souter 2008; Lirman et al. 2011).
The combined impact of natural and anthropogenic disturbances faced by coral
reefs constitute a major challenge to reef managers. Not only do they need to take steps to
reduce the occurrence of direct anthropogenic disturbances and restore damaged reefs,
but they must also account for the possible indirect anthropogenic effects of climate
change in all management decisions. Management may focus on populations and
communities with a greater capacity to respond to climate change, but they must also
prevent and reduce anthropogenic impacts that are likely to impede ecological responses
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to climate change (Baskett et al. 2010). One tool that is available to management that can
help mitigate some anthropogenic impacts and destruction from storms is coral
restoration (Epstein et al. 2001). Coral restoration is a relatively new practice, which in
many cases consists of transplanting new corals to damaged areas through a process
known as fragmentation. Fragmentation takes advantage of the corals’ natural asexual
reproductive strategy. Specifically small pieces of corals are broken off of a colony,
grown in offshore coral nurseries, and then reattached to new substrate (Bowden-Kerby
2001). These nurseries ideally serve as gene banks during times of environmental stress
(Schopmeyer et al. 2012). The importance of this was already demonstrated during the
2010 cold bleaching in the Florida Keys. Many inshore donor reefs suffered 100%
mortality, while the nurseries suffered little damage leading to the preservation of the
genotypes lost at those locations (Schopmeyer et al. 2012). Nurseries should aim to grow
as many genotypes as possible to constitute a good representation of the genotypes found
in the wild (Bowden-Kerby and Carne 2012). By keeping a highly diverse genetic pool,
they act as insurance for safeguarding the ability of the species to adapt to new
environmental challenges. For example, some genotypes may allocate more energy to
growth, others may allocate more energy to fight disease, heal lesions, or to reproduction.
Trade-offs occur everywhere in nature, between species, within species, and
within organisms (Kozlowski and Wiegert 1986). The species coexistence theory
assumes, either implicitly or explicitly, that organisms have trade-offs to respond to one
or more constraints (Tilman 1982), and most ecological and evolutionary patterns result
from the interaction of environmental constraints and unavoidable organismal trade-offs
(Chesson 1986). For instance a plant that allocates more carbon to the production of stem
will have less to allocate to its roots, leaves, or seeds (Tilman 1982). Similarly, an animal
that allocates more protein to flight muscle will have less to allocate to other
physiological or morphological traits (Tilman 1990). The physiological trade-off of
energy allocation is a key life history trait as well as the functional basis for maximizing
the fitness of organisms (Stearns 1992).
When it comes to corals the accepted paradigm is that reproduction as well as
growth and regeneration are “energy-costly” processes (Rinkevich and Loya 1989). Since
these processes are all dependent on a common resource pool (Whale, 1983) a trade-off
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in energy allocation between them should be present and injuries may lead to a temporary
or permanent shift in energy allocation (Wahle 1983). For example Kojis and Quinn
(1985) found lower fecundity in damaged Goniastrea favulus colonies and suggested that
this was a result of reallocation of energy resources from reproduction to repairing
damaged tissue. Corals respond to stress events with changes in growth rates, loss of
Symbiodinium, decreases in fecundity, reduced planulae larval survival, and changes in
metabolism (Brown and Howard 1985). All of these, with the exception of the loss of
Symbiodinium, are examples of trade-offs in energy allocation to different processes.
Determining how the energy is budgeted may give early indications of environmental
stress in corals, such as a decrease in growth rate at temperatures above or below their
ideal range (Edmunds and Davies 1989).
The purpose of this research was to assess variability in the growth rate and
thermal stress resistance of different genotypes of the coral Acropora cervicornis. In
addition, I determined if the preferential allocation of energy to growth by certain
genotypes is done at the expense of a reduced ability to survive thermal stress and viceversa (i.e. the presence of energy trade-offs between growth and thermal stress
resistance). This study provides insight into genotypic variability and therefore assists
reef managers determining the best practices for maintaining genetic diversity both
within coral nurseries and in restoration efforts.
2.0: Methods
2.0.1: Study Species
Acropora cervicornis (Fig. 1) was formerly a dominant reef builder in the
Caribbean, composing 30-50% of the coral cover to a depth of 20 m (Bellwood et al.
2004). This species has a fast growth rate and is a highly diverse “generalist” that is
composed by a wide range of genotypes (Bowden-Kerby 2008). However, local
populations of A. cervicornis are typically characterized by low genetic diversity and are
well adapted to the specific range of environmental conditions they usually experience on
that site (Bowden-Kerby 2008). Populations are predominantly clonal stands that are
maintained by asexual fragmentation and can span distances as great as 20-50 m
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(Bothwell 1981). In the 1980’s A.
cervicornis suffered a massive
mortality event (Bellwood et al.
2004). Since then recovery has
been poor (Aronson and Precht
2001) due to restricted larval
dispersal (Vollmer and Palumbi
2007), poor larval recruitment
(Vargas-Angel et al. 2003), and its
typically clonal nature (Bowden-

Figure 1: Acropora cervicornis in Mote's offshore nursery

Kerby et al. 2005). This clonal nature leads to low genetic diversity at a local scale, and
as the species does not self-fertilize (Baums et al. 2005), sexual reproduction and
recruitment has been poor (Quinn and Kojis, 2005). As a result in 2006 A. cervicornis
was listed as a threatened species under the Endangered Species Act (Hogarth 2006) and
was classified as Critically Endangered under the International Union for the
Conservation of Nature Red List criteria (Carpenter et al. 2008).
Acropora cervicornis can host multiple Symbiodinium types, however, it only
holds a single dominant clade at a time (Rowan 1998). Thornhill et al. (2006) studied the
Bahamian and Floridian A. cervicornis populations and found that in both regions this
species’ preferred symbiont type is Symbiodinium A3. When bleached, this species may
associate with Symbiodinium B1 along with A3, but when conditions normalize it quickly
reverts back to its preferred symbiont A3 (Thornhill et al. 2006). Since the donor colonies
used in this study did not experience a bleaching event in the 3 years prior to the start of
this experiment (April 2013) (Cory Walter, Personal Communication), I assumed that the
coral fragments hosted their preferred dominant symbionts.
2.0.2: Study Area
The Florida Keys (Fig. 2) are a 180 km chain of islands emerging from the
southern tip of Florida that separates Florida Bay from the greater Atlantic Ocean. Florida
Bay is shallow (1.3–1.5 m deep on average) and the current systems push water in an
eastward direction across the Bay onto inshore reefs (Smith and Pitts 2001). Temperature
variation on the offshore reefs is buffered by the along shore current patterns of Hawk
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Channel, which
disrupt the flow
from Florida Bay
(Smith and Pitts
2001). Offshore
reefs also
experience the
thermal buffering
of the Florida
Current (Gulf
Stream), resulting
Figure 2: Approximate location of Mote's nursery offshore of the Lower Keys

in less variable

annual thermal profiles (Lirman et al. 2011). This study took place in Mote Marine Lab’s
in-situ coral nursery near the offshore reefs of Looe Key at a depth of 8 m.
2.1: Growth Under Normal Conditions
The growth rate of 12 randomly selected genotypes of Acropora cervicornis was
measured with ten fragments per genotype over the course of 15 months. Genotypes were
designated using Mote’s system, which corresponds to the site they were collected from,
upon collection samples were
sent for genotyping, this was
all carried out prior to the
start of the experiment. Erich
Bartels randomly selected the
genotypes used for the
experiment. From each
genotype approximately 5 cm
fragments were cut and
mounted on a concrete puck
using Allfix™ epoxy. Each
puck was then mounted on a

Figure 3: Concrete and PVC module before deployment (Photo: Erich
Bartels, Mote Marine Lab)

30 cm piece of 2.54 cm PVC pipe, which were cemented in place in a “module” (Fig. 3)
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with each genotype mounted to its own module. The modules were constructed by cutting
ten 30 cm pieces of 2.54 cm PVC pipe, drilling a 0.953 cm hole in both ends and
plugging one end with cement. The open end was embedded in a concrete base with a
small 2.54 cm PVC section in the middle for anchoring to the bottom in the nursery. The
modules are anchored by 1.51 m sections of rebar with a 1.91 cm PVC sheath driven into
the bottom approximately 1.21 m. The modules were arranged in two adjacent rows two
meters apart with six modules spaced one meter apart per row (Fig. 4) to take up a total
space of 12 m2. A tag denoted the front
of the each colony with the genotype and
fragment number.
2.1.1: Measurement
Growth was measured in three
dimensions for each fragment, colony
height (the most vertical branch), colony
width (measured across the front of the
colony perpendicular to height), and
colony depth (measured from front to

Figure 4: Module array in Mote's nursery

back of the colony, perpendicular to both height and width) and only live tissue was
measured. Measurements were taken with a caliper until the fragments grew to 14 cm,
then a ruler was used instead. These measurements were then combined to get an
estimated ellipsoid volume. The estimated volume was calculated as shown in Kiel et al.
(2012):
V = (4/3)π(H/2)(W/2)(D/2)
Where V is the estimated volume of the colony, H is the height of the colony, W is the
width of the colony, and D is the depth of the colony. The fragments were measured 12
times over the course of 15 months, from April 2013 until June 2014. Growth rate
(mm3.d-1) was estimated as:
GR = (Sc– Sp)/Δt
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Where GR is the calculated growth rate, Sc is the current size measurement (mm3), Sp is
the previous size measurement (mm3), and ΔT is the number of days in between
measurements. The color and condition (% live tissue) of the fragments were also noted
monthly, to determine if the fragments were stressed. Photos from both the front and the
top of each fragment were taken each month throughout the study. This was done so that
in the event of an odd occurrence in the data, such as a negative growth rate with no
breakage indicated, measurements could be verified using ImageJ software. A scale bar
was placed equidistant to the fragment and the camera so that each photo could be scaled.
Ambient temperature was also monitored for the course of the study with a HOBO
temperature logger.
2.1.2: Data Analysis
To determine the effect of genotype on growth rate, I used a partly nested linear
mixed effects regression model with growth rate as the response variable, genotype as
fixed factor, and previous size, temperature, and fragment as random factors. Fragment
was nested within genotype. This analysis was performed on the data for each dimension
independently as well as the volumetric data. To determine the effect of each variable,
this model was compared to models where each variable was removed using the Akaike
Information Criteria (AIC). This analysis was conducted in R software (ver. 3.2.0, R Core
Team 2015) using the package lme4 (Bates et al. 2014).
2.2: Survival Under Thermal Stress
Following the conclusion of the growth study in the summer of 2014, the Lower
Keys experienced a severe bleaching event followed by a disease outbreak. Monitoring of
the remaining fragments from the growth experiment resumed in September 2014 and
differences in thermal stress resistance between genotypes were investigated monthly
until January 2015.
2.2.1: Measurement
Survival was determined by assessing the color and tissue condition of the
colonies. The bleaching event was severe and as a result post-bleaching growth data
collected was very limited and insufficient to perform a comparative analysis of growth
rate between genotypes.
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2.2.2: Data Analysis
Survival analysis, specifically the log-rank test, was used to determine if there
were differences in survival between genotypes. This analysis was performed using R
software (ver. 3.2.0, R Core Team 2015) and the package survival (Therneau 2015).
2.3: Trade-off Assessment
To assess the potential for a trade-off between growth and resistance to thermal
stress, I determined correlation between the pre-bleaching growth and post-bleaching
survival. This was performed using the pre-bleaching growth rate coefficients of the
linear mixed effects growth model (see 2.1.2) and the survival coefficients (KaplanMeier) obtained in the survival analysis (see 2.2.2). A significant and negative correlation
between pre-bleaching growth rate and post-bleaching survival would suggest a trade-off
between growth and survival. A significant and positive correlation would indicate that
there is a set of genotypes that tend to survive and grow better than the others. The
correlation analysis was performed in R software (ver. 3.2.0, R Core Team 2015).
3.0: Results
3.1: Growth Under Favorable Conditions
Genotypes displayed significantly different growth rates in all dimensions (height
p=4.94x10-6, width p=0.013, depth p=0.014, Fig. S1, Table S1) as well as in volume
(p=4.30x10-3, Fig. 5). Temperature and the previous colony volume both had a significant
effect on the growth rate (p=3.10x10-3, p=2.2x10-16 respectively). Growth rates varied
from 1687.7 ± 86.8 mm3.d-1 to 527.7 ± 82.5 mm3.d-1 (Table 1).
3.2: Survival Under Thermal Stress
Bleaching in the nursery was first observed on August 26th 2014, and every
colony from every genotype bleached completely as a result of the thermal stress.
Genotypes showed significantly different survival rates to bleaching (p=3.69x10-7, Table
2). In-situ temperature data shows elevated temperatures in the nursery beginning at the
end of the growth observation period (June 14th, 2014), with a mean temperature from
June 14th to July 1st being 30.1° C. From there the temperature only increased, with July
having a mean temperature of 30.8° C and a peak temperature of 32.2° C. August saw the
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highest temperatures with a mean temperature of 31.7 ° C and a peak temperature of 33°
C observed on August 16th. Mean temperatures did not go below 30° C until October
2014, with September having a mean temperature of 30.2° C and October having a mean
temperature of 28.8° C.

Figure 5: Estimated growth rates (mm3/day) for each genotype and ambient temperature (dashed line) during
the growth observation

3.3: Trade-off Assessment
No significant correlation was found between the pre-bleaching growth rates and
post-bleaching survival at any of the monitoring dates (all p>0.05, Fig. 6 & S2). This
indicates that there is no trade-off between growth and survival under thermal stress (no
significant negative correlation). The lack of a significant positive correlation also
indicates that there is not a set of genotypes that perform better in all situations (Table
S2).
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Table 1: Estimated average growth rate (±SE) for each genotype in mm3/day

Genotype(
G5(
G6(
G31(
G34(
G36(
G38(
G41(
G45(
G48(
G52(
G56(
G57(

Growth(Rate(±(S.E.(
772.7(±(88.9(
966.8(±(87.3(
527.7(±(82.5(
1098.5(±(83.0(
1176.1(±(84.4(
1687.7(±(86.8(
1193.4(±(92.0(
936.8(±(90.8(
1136.0(±(86.9(
779.9(±(88.8(
1225.3(±(99.1(
772.7(±(84.0(

(
Table 2: Post-bleaching survival proportion estimate (±SE) for each genotype at each sampling date postbleaching

Genotype	
  
G5	
  
G6	
  
G31	
  
G34	
  
G36	
  
G38	
  
G41	
  
G45	
  
G48	
  
G52	
  
G56	
  
G57	
  

20	
  Days	
  	
  
0.63	
  ±	
  0.17	
  
0.63	
  ±	
  0.17	
  
0.86	
  ±	
  0.13	
  
0.86	
  ±	
  0.13	
  
1	
  	
  
1	
  	
  
1	
  	
  
1	
  	
  
0.86	
  ±	
  0.13	
  
1	
  	
  
1	
  	
  
1	
  	
  

68	
  Days	
  
0.38	
  ±	
  0.17	
  
0	
  
0	
  
0.57	
  ±	
  0.19	
  
0	
  
0.33	
  ±	
  0.16	
  
0	
  
0.17	
  ±	
  0.15	
  
0.14	
  ±	
  0.13	
  
0	
  
1	
  	
  
1	
  	
  

109	
  Days	
  
0.13	
  ±	
  0.12	
  
0	
  
0	
  
0.14	
  ±	
  0.13	
  
0	
  
0.11	
  ±	
  0.11	
  
0	
  
0	
  
0.14	
  ±	
  0.12	
  
0	
  
0.2	
  ±	
  0.13	
  
1	
  	
  

147	
  Days	
  
0.13	
  ±	
  0.12	
  
0	
  
0	
  
0	
  
0	
  
0.11	
  ±	
  0.11	
  
0	
  
0	
  
0.14	
  ±	
  0.13	
  
0	
  
0.2	
  ±	
  0.13	
  
1	
  	
  

4.0: Discussion
I found that genotype had a significant effect on growth rate regardless of size metric
analyzed (by dimension or volume), although the relative order of the genotypes varied
by metric. Thus any management decisions made that are based on growth rate should
take into account the size metric analyzed. I also found no trade-off in energy allocation
between growth and thermal stress resistance. Growth and thermal stress resistance
varied significantly between genotypes. However, corals with a slower growth rate did
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not necessarily have a higher thermal stress resistance. Likewise, there is no set of
genotypes that perform better in all situations. These results indicate that it is impossible
to predict thermal stress resistance from growth rates under favorable conditions. Thus in
the absence of information on thermal stress resistance, the only way to increase the odds
of persistence of thermally resistant genotypes is to preserve as many genotypes as
possible.

	
  
Figure 6: Relationship between growth rate in favorable conditions and survival after bleaching for each
genotype

Local specialization (a combination of adaptation and/or acclimatization Kenkel
et al. 2015) may explain the differences in growth rate for each genotype. While the
corals used in this project all came from the same depth in Mote’s nursery, the genotypes
originated from different reefs throughout the Lower Keys. The differences in growth
may be attributed to the environment, namely depth, turbidity, wave action, etc., that the
genotype originated from (Smith et al. 2007; Barshis et al. 2010). Kenkel et al. 2015
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found that genotypes of Porites astreoides that were directly transplanted from their
source reef to other reefs were highly specialized to their native environment. The corals
used in this project had been removed from their source reefs for at least 3 years prior to
the beginning of the experiment, however this specialization may have played a role in
the different performances between genotypes.
Growth rates for each genotype varied with temperature. Interestingly the
response of the genotypes’ growth rates to temperature was fairly consistent (Fig. 5).
Genotypes that had faster growth rates at lower temperatures were also the ones
displaying faster growth rates at higher temperatures. Higher temperature does increase
growth, but only to a certain point, after which it becomes stressful (Howe and Marshall
2002; Marshall and Clode 2004). Specifically, growth rates peaked between 25 and 27°
C, but growth is depressed ones temperature reaches approximately 28° C. This might
present a problem with future climate change. As temperatures are expected to increase
3° C further until the end of the century (IPCC 2014), the period above 28° C, and thus
with reduced growth, is expected to increase (Donner et al. 2005; Wooldridge et al.
2005). If this decrease in growth rates in the summer and early fall is not compensated for
by increased growth in the winter, it may decrease overall annual growth rates of
Acropora cervicornis. Some genotypes might adapt to these higher temperatures and thus
not display reduced growth in the summer, however these evolutionary processes seem to
occur at a much slower pace than the predicted rate of increase in temperature (HoeghGuldberg et al. 2007), and thus are less likely.
Higher temperatures significantly decreased coral survival. Under favorable
conditions, Acropora cervicornis fragments displayed on average a 93% survival over the
15-month observation period. The low mortality registered was not due to genotype, but
instead mainly due to puck detachment and the colony being partially buried in sediment
in between monitoring dates. However, most breakage ended up not being fatal. Under
thermal stress, survival was shown to be significantly different between genotypes.
Genotype G57 was the only genotype to have 100% survival; while it did bleach
completely, it was among the first to start to regain its color and start to recover.
However, the ability to recover from thermal stress does not ensure survival as was
demonstrated by genotype G56. By the beginning of Fall (October) genotype G56 had
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started to recover with the
colonies beginning to regain
their color. However, by
December all but two of the
colonies from genotype G56
were lost (possibly due to an
unobserved disease), leading to
a survival of 20% 147 days
post-bleaching. Bleaching
events are often accompanied
by disease outbreaks (Vollmer
and Kline 2008; Rogers and

Figure 7: Bleached corals in Mote's nursery observed on August
26th, 2014 (Photo: Cory Walter, Mote Marine Lab)

Muller 2012; Randal and van Woesik 2015), and like thermal tolerance, some genotypes
may carry inherent disease resistant traits.
The lack of a significant negative correlation between pre-bleaching growth and
post-bleaching survival demonstrates that there is no trade-off between growth and
thermal stress resistance. Genotypes G5, G31, G52, and G57 all had low growth rates
(Fig. 6). If energy trade-offs were present all of these genotypes should have had high
survival during the thermal stress event; however, only G57 had high survival, followed
by G5 with 12.5% survival (G31 and G52 were among the first to die out). These results
show that the ability to resist thermal stress cannot be predicted from growth under
favorable circumstances.
The lack of a significant positive correlation between growth in favorable
conditions and post-bleaching survival shows that there is not a “winner” genotype (van
Woesik et al. 2011), i.e. the existence of genotypes that will grow quickly and resist
stress better than others is unlikely. For example, genotypes G38 and G56 had the highest
growth rates (Fig. 6). Under the assumption that there were “winner” genotypes that
perform well in all aspects, these should have survived best, and again this was not the
case. However these were two of the five genotypes that survived through January, albeit
in low proportions.
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The lack of a trade-off between growth and survival through bleaching events
indicates that an increase in the frequency of bleaching events might lead to a decrease in
the relative abundance of thermally sensitive genotypes, but also slow-growing
genotypes. If oceans continue to warm as predicted (IPCC 2014), bleaching events will
become more frequent and intense. An increased frequency of thermal stress would lead
to the reduction of relative abundance, and potential extinction, of the most thermally
sensitive genotypes. Furthermore, assuming the genotypes used in this project are
representative of the population, the lack of a tradeoff or positive correlation between
growth and thermal stress resistance will facilitate intraspecific competition (Tilman
1990). In addition, Andres and Rodenhouse (1993) found that corals with faster growth
rates recover from disturbance more quickly than those with slower growth rates. If the
absolute abundance of fast and slow growing genotypes is affected by bleaching events in
equal proportions, but fast growing corals are able to recover biomass more quickly
(increase in absolute abundance), then the relative abundance of fast-growing corals
should increase with increasing frequency of bleaching events. For instance, genotypes
G5 and G38 had similar post-bleaching survival, but genotype G38 had the fastest growth
rate, roughly double that of genotype G5. If there were a long period of good growing
conditions, the fast growing genotypes (i.e. genotype G38) could have double the volume
of the slower growing genotypes (i.e. genotype G5). Then following a bleaching event,
with both genotypes losing the same or a similar proportion of colonies, genotype G38
would still have roughly double the population of genotype G5, which would then
continue to grow at double the rate of genotype G5. As disturbances increase in
frequency in the future (Donner et al. 2005; Wooldridge et al. 2005) eventually genotype
G38 could dominate that reef with genotype G5 becoming more rare. A reduction in the
relative and absolute abundance of slow-growing corals should make them more
susceptible to extinction following a disturbance. Ultimately this would lead to a
reduction in the genetic diversity of the population, which would hinder sexual
reproduction success of the species.
While the lack of energy trade-offs was unexpected, it brings to light the
importance of using coral nurseries as gene banks. Using nurseries in this manner will
help to preserve genetic diversity within the species being cultured. In fact, to preserve

	
  

16	
  

	
  
90% of the original local genetic diversity for Acropora cervicornis only 35 unique
parent genotypes need to be maintained in a nursery (Bowden-Kerby and Carne 2012).
Through the preservation of the genetic diversity of the population, the probability of
preserving genotypes that carry stress resistant traits increases. Using only a select few
genotypes in a nursery may drastically reduce the genetic diversity available for
restoration projects and increase the odds of the corals being susceptible to disease or
stress. For example genotype G56 had the second highest growth rate, however when it
seemed that it was starting to recover, it ultimately lost eight of its ten colonies to an
undiagnosed cause, likely a disease. As was seen in this study, in-situ nurseries,
regardless of how well protected their location, are still susceptible to environmental
stress. Maintaining a large number of genotypes in a nursery gives a better chance of at
least maintaining some of the corals located there and their genetic diversity through
times of environmental stress. Still, in nurseries that have limited resources, be it
manpower or funding, it would be possible to select for the fastest growing genotypes
and still have the possibility of retaining genotypes with high thermal tolerances.
Therefore in situations where it is necessary to produce the maximum amount of coral
tissue quickly, multiple fast growing genotypes could be selected while still preserving
some of the genetic diversity of the local population (Lirman et al. 2014). However, with
the possibility of intraspecific competition and the inability to predict survival from
growth the only way to maximize the number of genotypes that may be resistant to stress
is to increase the number of genotypes maintained.
In terms of reef restoration, outplanting multiple genotypes to one area contributes
to the enhancement of the genetic diversity of that area as well as the potential for
successful sexual reproduction. Increasing the potential for successful sexual
reproduction may also increase the probability of providing new potentially stress
resistant genotypes to the reef as well (Vollmer and Kline 2008; Griffin et al. 2012). For
example, the inclusion of genotype G57 into restored areas may allow thermally tolerant
genes to be passed on through sexual reproduction, resulting in new genotypes that carry
that trait. However, restoration alone is not the solution, it is a necessary tool to combat
the destruction of reefs, but anthropogenic impacts must be reduced as well. For instance,
restoring a reef that has been smothered by continued beach renourishment or one
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degraded by polluted port outfall would only place new corals in the same danger. The
same goes for reefs that were overgrown with algae as a result nutrient enrichment.
Without removing the source of stress or destruction restoration projects will only work
in areas where these impacts are not present. Without worldwide commitment to reducing
the impacts of climate change, reef management teams working with local communities
to reduce anthropogenic impacts has the most potential for successful reef conservation.
Ultimately, the existence of thermally resistant genotypes demonstrates that some
corals may have the adaptive genetic variation needed to respond to future environmental
stresses (Randall and van Woesik 2015). Using coral nurseries and restoration projects to
conserve and enhance local genetic diversity is a necessary step to mitigating the decline
in coral reefs worldwide (Baums 2008). However without community involvement and
commitment to reducing local anthropogenic stressors the probability of success for these
practices is reduced. Since the ability to resist stressors cannot be predicted from growth
under normal conditions genotypes should be selected from varied locations to preserve
the donor population’s genetic structure, as well as to increase the likelihood of obtaining
thermally resistant genets. Increasing the number of genotypes maintained per nursery
also increases the likelihood that some of those genotypes will carry a natural resistance
to disease as well (Vollmer and Kline 2008; Rogers and Muller 2012). While it is good to
know which genotypes can grow faster or survive better, it is more important to maintain
enough genetic diversity to support the population. Overall the results of this research
show that genetic diversity must be preserved, but the ultimate success of conserving
coral reefs relies on both protecting genetic diversity and the reduction of anthropogenic
impacts.
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